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Abstract

Burrs are rough protrusions that form along the edge of a component during
processing and are commonly produced during machining. Generally, the presence and
severity of a burr directly impacts the final part quality. Thus, burrs need to be removed
in subsequent processes to avoid injury when handling a part and/or negatively
impacting the part's functionality. The size, shape, and nature of the attachment of the
burr to the cutting edge are highly dependent on the material, tooling, and process
parameters used during machining.

This research aimed to develop two new approaches to minimize and/or eliminate
burr formation during the drilling of ductile materials. The first new method outlined
in this thesis relates to injecting materials in different forms at high pressures under the
workpiece on the side from which the drilling tool exits to support the drilling thrust
force and thereby minimize exit burr formation. The second method introduced a novel
technique for designing and testing highly effective step drills based on the workpiece
material and cutting parameters, using commercial drills. Testing the two approaches

showed promising results for producing comparatively smaller exit burrs.



M.A. Sc. Thesis — Ahmed Sweed; McMaster University — Mechanical Engineering

Acknowledgements

Firstly, 1 would like to express my sincere appreciation to my supervisor, Dr.
Stephen C. Veldhuis, for his supervision and for providing all the resources needed to
complete this research successfully. It was a great chance to work in the McMaster
Manufacturing Research Institute (MMRI) and expand my knowledge under his
supervision. I would also like to acknowledge the MMRI’s automotive industry
partners for supporting this collaborative industrial research with work materials and
information. Thanks to Mr. Sean Congdon and Mr. Hermanto Hioe from Linamar for
bringing the burr problem to our attention and providing testing samples. | would
especially like to thank Berks Machine Tools for providing the step drills used in this
study. I would also like to thank KSL Lubricants for providing information and coolant
samples.

Additionally, 1 would like to thank Dr. Abul Fazal M. Arif for his guidance
throughout all stages to constructively develop this work. My thanks are also extended
to all the MMRI colleagues and staff, especially Brady Semple, Rohan Barooah, Terry
Wagg, and Simon Oomen-Hurst for their support during my research.

Finally, I would like to thank my siblings Enas and Eslam for their continuous

encouragement and support throughout my life.



M.A. Sc. Thesis — Ahmed Sweed; McMaster University — Mechanical Engineering

To my lovely daughters, Sandy & Selina



M.A. Sc. Thesis — Ahmed Sweed; McMaster University — Mechanical Engineering

AADSTFACT. ...ttt E bbbt bbbttt i
ACKNOWIEAGEIMENTS ...ttt b s ii
[ TSy 0 T =TSSR vii
LIST OF TADIES ...t bbbttt e b e Xii
List of all Abbreviations and SYMDOIS ..........ccoiiiiiiii s Xiii
Declaration of Academic AChIEBVEMENT .........ccoiii i Xiv
(O T 1o (= R 1 oo [0 T« o] o USRS 1
1.1 2103 (0] (00T o RS PR 1
1.2. 0] (A7 L] o RSP 2
1.3. RESEAICN ODJECTIVES ... 2
1.4. Y=yt a oo o] [oT | OSSR 3
1400 APPIOACH L.ttt 3
142, APPIOACH 2. et are s 4

1.5. THESIS OULIING ...t sttt e e re e saeenes 5
Chapter 2. LItErature REVIEW .........cuiiiiieieceee ettt st sae et be e st ste bt 6
2.1. The Drilling OPEration .........ccccviiiiieiiiicie et st sre e 6
2.1.1. DIl GEOMELIY ...ttt 6
2.1.2. DI IMALEIIAL ...ttt 7
2.1.3. FOrCeS iN DIillING ....cvoeieic s 8
214, Wear iNDIillING ...cc.ooeeie e e 8

2.2. BUITS TN DIIIING .o 9
2.2.1. BUIT TYPBS ettt ettt sb et e b e e nbeebe e nre e 9
2.2.2. BUIT IMECNANISIMS ...ttt sttt sre e srennes 12
2.2.3.  Cutting Parameters’ Influence on BUrrs..........ccocovviiiiiiiiiinnieineee e 14
2.2.4. Influence of Workpiece Material On BUITS .........coooveiiiiiieiiieee e 16
2.2.5. Impact of Tool GEOMELIY 0N BUITS.......cccoiiiiiiiieiicseree s 16



M.A. Sc. Thesis — Ahmed Sweed; McMaster University — Mechanical Engineering

2.2.6. Influence of Coatings 0N BUITS. .......cviiiiiiiccce s 17
2.2.7. Influence of EXit Surface Profile 0N BUITS..........cccoviiiiiniiiiecesse e 18
2.3. BUIT MEASUIEIMENT ...ttt ettt ettt e sbe e sae e e b e e 19
2.4. BUIT CONTIOL ... bbbt 21
2.4.1. Deburring TECANIGUES........cveiiiiiiiseeee e 21
2.4.2. Burr Minimization TECANIQUES ........ccoiiiiiieieieiies e 22
Chapter 3. Approach 1: Burr Control Using Pressurized Materials ...........cccccceveveiieenennnn, 27
3.1. EXPerimental ProCEAUIES..........coiiiieieeieee s 27
3.1.1 [ABA OVEIVIBW. ...ttt bttt st 27
3.1.2. Idea & Design DeVEIOPMENL. ..o 28
313, WOTKPIECE PrOPEITIES . ....ecvieiieiietisieste sttt 30
314, TO0lNG SEIECHION .....cvi ettt nae s 31
3.15. PrOCESS Par@mMELEIS.....cvieiiieiiieiieeiee ettt ettt st nee e 32
3.1.6. Injecting Material DeVelOPMENT ..........ccccoviiiiiii e 33
L7, TeSHNG PIAN .o 37
3.1.8. EXPEriMENTAl SELUP ....cviiieeieie ettt e re e 39
3.2. IMIBASUIEIMENTS. ...ttt sttt sttt e st e sab e e s sbe e e br e e snbe e e sneee e 39
3.2.1. DIIING FOICES ...ttt st s be et s re e be e e ens 39
3.2.2. PrESSUIE ...ttt ettt e e bbb e e na bt et be e be e an e e 41
3.2.3. 2 T ST SR 43
3.3. RESUIES ...ttt b e et nes 46
3.3.1 2 T ST SR 46
332, TRIUSE FOICR .ttt ettt e 48
3.3.3. PIESSUIE ...ttt b bbbt st e e e et e et b be e rne e e 49
3.4. [ T W] o] o ST 51
3.5. (000 0 o] (073 o] 3 S 55
Chapter 4. Burr Control Using Step DrillS..........cooiiiiiiiiiiee e 56
4.1. EXPerimental PrOCEAUIES. ........ooiiie ettt 56
4.1.1. 1ABA OVEIVIEW. ...ttt ettt e e ta e b e steeraetesne s 56
4.1.2.  WOrkpiece Preparations ...........ccoiioeeieieeiene ettt et ee e enes 60



M.A. Sc. Thesis — Ahmed Sweed; McMaster University — Mechanical Engineering

4.1.3.  T0O0lNG SEIECTION ... 61
4.1.4. PrOCESS Par@mMELEIS. ....c.viitiiiieite ittt bbb ee e 63
415, TESHNG PIAN .o 64
4.1.6. EXPEriMENTAl SELUP ....cveiveeie ettt 64

4.2. IMIBASUTBIMENTS. ...ttt sttt ettt ettt bt e st e et e e sbe e sbe e saeeenbeeneas 66
4.2.1. 2 TN ] v USSR 66
4.2.2. High-Speed CamEra:.......c.coviiviieiiecieee sttt ns 66

43. RESUILS ...t sttt e s et re e e et et e sreeeenreeraenrenre s 67
4.3.1. Burr Height and Drill Cap........cccoviieiiiecicece et 67
4.3.2. INFIUENCE OF STEP SHZE ... e 68
4.3.3. Influence of SteP Profile: ..o 72
4.3.4. Performance of the Step DIill ... 73

4.4. Dot U] (o] SO 75
4.4.1. INFIUENCE OF SEEP SHZE ... s 75
4.4.2. Influence Of StEP Profile .........covoiiiiiiiieeee s 78
443, SEEP DIl e e e rs 80

45, (070 0 o] 173 o] S 82
Chapter 5. Conclusions and FULUIe WOIK ..o e 84
51 (070 0 o] 173 o] 3SR 84
5.1.1.  Approach 1-Burr Control Using Pressurized MaterialS.........cc.ccovovriverevivniinnnnnnns 84
5.1.2.  Approach 2-Burr Control Using Step DrillS ..........cccoeiiiiiiviiiiicccceec e 86

5.2 FULUIE WOTK ..ottt sttt e ste e e enes 88
5.2.1.  Approach 1-Burr Control Using Pressurized MaterialS..........c..cccoceevveveiieeienennnnn 88
5.2.2.  Approach 2-Burr Control Using Step DrillS ..........ccovviiiiiiiiiineceee 89

] (= =] (0TSSR SSOS 90
Appendix A: Burr formation images for approach 2 ..o 97

Vi



M.A. Sc. Thesis — Ahmed Sweed; McMaster University — Mechanical Engineering

List of Figures

Figure 1: Research methodology (ApPProach 1).......ccccccveeiiieiicie i 3
Figure 2: Research methodology (ApPProach 2)........ccccveveiieiecic s 4
Figure 3: Geometry of Twist drill (Used with permission [4])......cccccvvvevvvienveiesieeseesienn 6
Figure 4 Common drill-point shapes (Used with permission [5]), according to [6]............ 7
Figure 5: Forces in drilling (Used with permission [7]) .....ccccevveveiievecieiieseece e 8
Figure 6: Tool wear forms in drilling(Used with permission [10]) .......ccccovevvevevieevirenenne 9
Figure 7: Hlustration of burr types (Used with permission [11]), according to [12] ......... 10

Figure 8: Schematic illustration of the Poisson burr formed in turning (Used with
PEIMISSION [L4]) 1.uviitieiieeie ettt e e st e s e s reeaesraesbaenbeeneenres 10
Figure 9: Drilling burr types (Used with permission [11])......ccccceviiieiieeieiiicieeie e, 12

Figure 10: Schematic illustration of the burr formation process (Used with permission [17])

............................................................................................................................................ 14
Figure 11: Variation of the pivoting point (Used with permission [28]).........ccccccvvvvrenenn. 19
Figure 12: Burr measurement MethodsS.........cceoveiieiiiieie e 19
Figure 13: Cross-section of a burr (Used with permission [32]) ......cccccovveveviievncvieseeneen, 20
Figure 14: Burr analysis applying stylus method (Used with permission [31]) ................ 21
Figure 15: Deburring operations according to [13] ....ccccooeviiieiieiiic i 22

Figure 16: Influence of the cooling concept on burr formation and tool wear in turning

stainless steel (Used with permission [34]) ....ccoeiiiiiie i 24
Figure 17: Orbital milling principle (Used with permission [35]).......ccccccevvivieiiiniiiennnnnn 25
Figure 18: 1dea eXplanation ...........ccceoiiiiiiiiie i 28

Vii


file:///C:/Users/Ahmed%20Sweed/Desktop/Ahmed%20Sweed/Master%20Work/Master%20Theises/Introdution%20&%20Literature%20Review/Sweed_Ahmed_A_finalsubmission2021September_MASc.docx%23_Toc83285283
file:///C:/Users/Ahmed%20Sweed/Desktop/Ahmed%20Sweed/Master%20Work/Master%20Theises/Introdution%20&%20Literature%20Review/Sweed_Ahmed_A_finalsubmission2021September_MASc.docx%23_Toc83285284

M.A. Sc. Thesis — Ahmed Sweed; McMaster University — Mechanical Engineering

Figure 19: (a) 3D view of the fixture design, (b) Cross-Section ...........ccccecvvveevveiiesvennenn, 29
Figure 20: (a) 3D view of the modified design, (b) Cross-section of the design............... 30
FIQUE 21 WOIKPIECE ...ttt e ta e nne e ne e 30
Figure 22: 3D scan of the 7mm OSG drill............ccooiiieiiiiic e 32
Figure 23: Injecting-material development..........ccooi i 33
Figure 24: Aluminum paste (Al powder + liquid coolant) ..........c.ccccovevveieiievecie e, 34
Figure 25: High VISCOSItY COOIANT..........ccociieiiiic e 35
Figure 26: Optical image of aluminum powder at 500X magnification...............c.c.......... 36
Figure 27: Aluminum powder, particle size distribution.............c.cccooeviiii i, 36
Figure 28: Mixture weighing and preparation, (a) High viscosity coolant, (b) Aluminum
POWET ...ttt bbbt bbbt b et b et r e n e 38
Figure 29: Experimental setup for drilling tests in a vertical CNC machine..................... 39
Figure 30: Dynamometer forces coordinating SYStem ............ccccvveieiieiecie s, 40
Figure 31: Illlustration of force measuring components according to [44] ..........cccccvven..... 41
Figure 32: Pressuring SYSEIM ......c..ciicieeie ettt ettt ettt aesneesteennesre e e e 42
Figure 33: Burr size ((Used with permission [45]) ......cccovveviiieiieiecieseee e 43
Figure 34: Alicona 3D optical MICIOSCOPE .......cveivveiiiiiiiiteeie e 44
Figure 35: Burr measuring using a 3D microscope (AliCONA) .........cccceevvevieiieeviecieecinen, 45
Figure 36: Burr size for different injecting materials ..., 46

Figure 37:

1000 psi,.

Figure 38

(a) Optical image of burr for benchmark at 50x, (b) High-pressure coolant at

viii



M.A. Sc. Thesis — Ahmed Sweed; McMaster University — Mechanical Engineering

Figure 39: Burr height at different injeCting PreSSUre........ocvivevveiesieseese e e, 49
Figure 40: Burr heights at different injecting fOrces.........cccoovveiveiiiienci e, 50
Figure 41: Burr height relation with calculated injecting to thrust force ratios................. 51

Figure 42: High-speed camera images of drilling exit burr formation (a) burr initiation, (b)

material plastic deformation, (c) fracture, (d) burr and drilled cap at the end.................... 52
Figure 43: Burr formation mechanism using Al paste injection...........c.cccccvvvevviieieenenn, 54
Figure 44: Step profile (a) chamfer step, (b) radial Step.........ccccovveveiieiiicieiee e, 57
Figure 45: Schematic of a step drill ...........ccoooviiieiieii e 58
Figure 46: 1dea eXplanation ............cccoviiiiiiie i 60
Figure 47: Workpiece preparation after water jetting, and turning the outer surface........ 61
Figure 48: Experimental setup for drilling tests in a vertical CNC machine..................... 65
Figure 49: High-SPeed CAMEIA.........cciviiriiiieeiecie sttt te e ae e 66
Figure 50:Burr size comparison and No. of observed caps for all tests ..............cccccuveneen. 67

Figure 51: Burr height and No. of observed drill caps at different step sizes for 180° step

Figure 52: Exit burr images for different step sizes using 180° step angle, (a) 0.15 mm, (b)
0.3 mm, (c) 0.45 mm, and (d) 0.6 MM ......c.ccoveiiiieii e 69

Figure 53:Burr height and No. of observed drill caps at different step sizes for 130° step

Figure 54: Exit burr images for different step sizes using 130° step angle, (a) at 0.15 mm,

(b) 0.3 mm, () 0.45 mm, and (d) 0.6 MM .....coooiiiiiiie e 70



M.A. Sc. Thesis — Ahmed Sweed; McMaster University — Mechanical Engineering

Figure 55: Burr height and No. of observed drill cap at different step sizes for the 1.4 mm
710 T RS (=] o USSR 71
Figure 56: Exit burr images for different step sizes using 1.4 mm rounded step, (a) at 0.15
mm, (b) 0.3 mm, (c) 0.45 mm, and (d) 0.6 MM ........ccceiiiiiiiiiiere e 71
Figure 57: Burr height comparison with step size at different step profiles..................... 72
Figure 58: High-speed images of the step drill (a) burr initiation, (b) material plastic
deformation and fracture, (c) burr and drilled cap, (d) step start cutting, (e) very small burr
LV T 0T oSSR 73
Figure 59: High-speed images of the exit burr, (a) drill #5 "benchmark™, (b) drill #7
"benchmark™, drill #6 "benchmark”, (d) step drill ............ccoooiiiiiii e, 74

Figure 60: Burr height comparison between the step drill and the benchmark drills......... 74

Figure 61: Burr explained as a cantilever under equiload W according to[48]. ................ 75
Figure 62: Burr explained as a cantilever in case of rounded Step ........cccccceevvevvevieiieennenn, 76
Figure 63: Burr thickness after the drilling the first hole............ccccccooveiiiiicice, 77

Figure 64: Burr thickness measurements after drilling the first hole at different D1

GIAMBLETS .ttt bbbt h bbbt bbb nes 78
Figure 65: Thrust force measured at 0.3 mm step size for different step profiles.............. 79
Figure 66: Cutting force components on (a) chamfer step, (b) radial step ............cceeuvee. 80
Figure 67: Thrust force comparison between test #5 and the step drill ............................. 81

Figure 68: Drill edge radius measurements comparison between test #5 and the step drill
(a) on the cutting lip, (D) 0N the SEEP ...ccvviiiie e 82

Figure 69: High-speed video images of the burr formation for test #1. .........cccccccevvvvennns 97



M.A. Sc. Thesis — Ahmed Sweed; McMaster University — Mechanical Engineering

Figure 70 High-speed video images of the burr formation for test #2...........c.cccccevvvvenenn. 97
Figure 71: High-speed video images of the burr formation for test #3 .............cccccevvvenen. 98
Figure 72: High-speed video images of the burr formation for test #4 .............c.cccocvvenen. 98
Figure 73: High-speed video images of the burr formation for test #5 .............cccccevvvenen. 99
Figure 74: High-speed video images of the burr formation for test #6 ................ccccvenen. 99
Figure 75: High-speed video images of the burr formation for test #7 .............cccccoenee.e. 100
Figure 76: High-speed video images of the burr formation for test #8 .............c..ccocu..... 100
Figure 77: High-speed video images of the burr formation for test #9 .............cccccoenee.e. 101
Figure 78: High-speed video images of the burr formation for test #10 ..............c.c....... 101
Figure 79: High-speed video images of the burr formation for test #11 ..............cc.c....... 102
Figure 80: High-speed video images of the burr formation for test #12 ..............cc.c....... 102

Figure 81: High-speed video images of the burr formation for test #13 (Drill #5-
BENCAMAIK) ......ooiiiii et 103
Figure 82: High-speed video images of the burr formation for test #14 (Drill #7-
BENCAMAIK) ......ooiiieecec et ens 103
Figure 83: High-speed video images of the burr formation for test #15 (Drill #6-
BENCAMAIK) ......ooiiieecec et ens 104

Figure 84: High-speed video images of the burr formation for the step drill .................. 104

Xi



M.A. Sc. Thesis — Ahmed Sweed; McMaster University — Mechanical Engineering

List of Tables
Table 1—Chemical composition of Aluminum 6061-T6 [42] ......c.cccevvvievieeieiiereeee 31
Table 2—Mechanical properties of Aluminum 6061-T6 [42].......cccccevviieiieeie e 31
Table 3— Specifications of the drill.............c.ccooevv i 31
Table 4—Process parameters of the drilling teSt...........cccveveieii i 32
Table 5—TeStiNG PIAN L.....covi ot enes 37
Table 6—TeStNG PIAN 2....ccvieieceece e enes 38
Table 7—Tools used to drill the first hole D1 with different diameters..............cc.cceeene. 62
Table 8— Tools used to drill the second hole D2. ... 62
Table 9: Step drill Main FEALUIES .......cc.ciieie et 63
Table 10—Process parameters of the drilling teSt ..........cccoeiieiiiiiiicc e 63
Table 11 —ArTaY OF tESES.....uiiiiiicce e 64

xii



M.A. Sc. Thesis — Ahmed Sweed; McMaster University — Mechanical Engineering

HSS
Fih
M

Fr

BUE

List of all Abbreviations and Symbols

— High-speed steel

— Drilling thrust forces

— Drilling torque
— Drilling radial forces

— Built-up edge

DBCC — Drilling burr control charts

CO2
HPC
a

am
SD
SEM
Fi

Pi

Ai

D1
D>
01

02

I

— Carbon dioxide

— High-pressure coolant

— Burr height measured at one section

— Mean burr height for all measurements

— Standard deviation of the burr height

— Standard error of the mean of the burr height

— Supporting force (force under the drilled hole exit)
— Injecting pressure

— Avrea of the drilled hole

— Step size of a step drill

— Step diameter of a step drill / First drill diameter

— Final diameter of a step drill / Second drill diameter
— Point angle of a drill / Step drill

— Step angle of a step drill

— Drill edge radius

Xiii



M.A. Sc. Thesis — Ahmed Sweed; McMaster University — Mechanical Engineering

Declaration of Academic Achievement

I, Ahmed Sweed, hereby declare that the thesis entitled "INVESTIGATION ON
BURR CONTROL DURING THE DRILLING OF DUCTILE MATERIALS" is my

own work and that | am the sole author of this thesis.

Xiv



M.A. Sc. Thesis — Ahmed Sweed; McMaster University — Mechanical Engineering

Chapter 1. Introduction

1.1. Background

Out of all the machining processes, drilling is considered the most commonly used
process in the industry. Almost 36% of machining hours are consumed by hole-making
[1]. In drilling, a drilling tool has two or more cutting edges that rotate and feed into
the workpiece to create holes. Many factors such as cutting parameters, drill geometry,
and workpiece materials affect the quality of the produced hole.

Burrs are unwanted extra materials that remain after different machining processes,
such as drilling, turning, and milling, affecting the product’s quality and functionality.
There are various post-processes for removing burrs, but they are costly, and rarely
completely remove the burrs. Ideally the deburring operation is avoided as the costs
related to burr removal can account for 15-20% of the total machining cost for
automotive components and can reach 30% for ultra-precision parts in the aerospace
industry [2]. Kalpakjian and Schmid estimated the cost for only manually deburring
using files and scrapers to be 10% of the total manufacturing cost of the part [3]. The
tremendous cost of removing burrs makes it an essential topic for industry and research,
so studying the fundamentals of burr formation mechanisms in drilling is crucial to
introduce solutions for preventing or minimizing burrs and to provide procedures for

producing high-end quality parts.
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1.2. Motivation

Due to the importance of producing high-quality holes in the industry and the high
costs related to deburring, along with safety concerns from handling and assembling
parts with burrs, many efforts have been made to minimize and control burr formation
in drilling. However, the extensive effort spent to study the burr formation mechanisms
and parameters that affect burr formation, minimizing and controlling burrs in drilling
is still challenging. This research aims to improve the drilled hole quality by

introducing two new approaches for minimizing exit burr height in drilling.

1.3. Research Objectives
The work introduced in this thesis is divided into two approaches. The main
research objectives for this thesis work are presented below.
1. Understanding the fundamentals of burr formation mechanisms in the drilling
of ductile materials.
2. Development of a novel approach that uses pressurized materials at the drill
hole exit to control burrs.

3. Development of a systematic approach for burr control through step drill design.
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1.4. Methodology

Figure 1 summarizes all tests that were performed in approach 1, as well as all the

resources that were used for the analysis. Likewise, Figure 2 represents the steps and

equipment that were used to conduct the study of approach 2.

1.4.1. Approach 1

Fixture
Develonment

Literature
Review

v

Workpiece &
Tools

> Design of

Process
Parameters

V Experiment

Tests on High-

Pressure
Coolant

Force’s Measurements.
Perform 3D Optical Microscopy.
Quantify Burr Height.

Evaluate the Performance.

Fixture
Modification

Force’s Measurements.
Perform 3D Optical Microscopy.
Quantify Burr Height.

Evaluate the Performance .

Development of
Aluminum Paste
(High Viscosity

Coolant)

Tests on
Commercial Anti
seize

Force’s Measurements.
Perform 3D Optical Microscopy.
Quantify Burr Height.

Evaluate the Performance.

Figure 1: Research methodology (Approach 1)
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1.4.2. Approach 2

Tools
(Off-the-shelf)

Workpiece
(Industry)

Literature
Review

Design of
Experiment

Process parameters I/ l

(Industry)

4 )

Tests on Effect of
Step Size, and
Step Profile on
Burr Height

- J

}

Benchmark Tools.

Burr Formation High speed
Videos.

Perform 3D Optical Microscopy.
Quantify Burr Height.

Design & Make the
Step Drill

v

Test & Validate the
Step Drill

Burr Formation High Speed
Videos.

Perform 3D Optical Microscopy.
Quantify Burr Height.

Compare Burr Height with the

Benchmark

Figure 2: Research methodology (Approach 2)
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1.5. Thesis Outline

This thesis is organized into five chapters as follows:

CHAPTER 1: Introduction — This chapter presents a brief background and
discusses the motivation for this thesis. The experimental methodology is presented
along with the main research objectives.

CHAPTER 2: Literature review — This chapter presents a detailed overview of the
drilling operation, burr formation mechanisms, the effect of machining parameters in
this process on burr formation, a review of different burr control techniques, and the
burr measurement methodologies.

CHAPTER 3: Approach 1—A detailed description of the first proposed idea and
design and the experimental setup for the machining tests is provided along with
necessary information about the process parameters, workpiece, and cutting tools. In
addition, the results of the study are discussed.

CHAPTER 4: Approach 2—A detailed description of the second proposed idea is
provided in addition to the experimental setup for the machining tests and information
about the process parameters, workpiece, and cutting tools. Results and discussion were
also included in this chapter.

CHAPTER 5: This chapter provides a summary of all the findings of this research
and recommends future research work to improve the discussed ideas.

APPENDIX A: High-speed video images of the burr formation sequence for all

tests explained in approach 2 are included.
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Chapter 2. Literature Review

2.1. The Drilling Operation

2.1.1. Drill Geometry

Drill geometry has an essential role in drilling as it can directly affect the tool life
and drilling quality. Although there are various drill designs, the standard-point twist
drill is still the most common tool used across many different applications. Figure 3
shows the main features and parameters that affect the drilling performance, such as
the drill diameter, helix angle, point angle, and chisel edge.

Rake face

Cutting edge

Neck —p~ |<e—

Point angle 6
Helix

angle \ A
. HW&‘ ‘ 5— Web thickness
LShank length—»  |&————— Dill body —>l |<— Margin

Side view End view
(enlarged)

Lip relief
angle

Figure 3: Geometry of Twist drill (Used with permission [4])

Taper shank

Depending on the application, the previously mentioned features can change to
meet the job requirements. Figure 4 illustrates common drill point shapes for different
purposes; for example, the twist drill shown in shape A has a shorter chisel edge than
the standard drills, and this is preferred when lower feed forces are required. Similarly,

shape B has a corrected rake angle to provide more stability and better chip formation.
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The split point tools have reduced an additional 6% of the chisel edge for a more

positive rake angle [5].

shape A shape B

<=

) ) web-thinned chisel edge with
web-thinned chisel edge corrected major cutting edge

shape C shape D

oA

lit poi web-thinned chisel edge with
split point beveled corners

Figure 4 Common drill-point shapes (Used with permission [5]), according to [6].

2.1.2. Drill Material

In metal cutting, there has been a lot of effort put into developing new tool grades.
Nevertheless, the two most common materials used for twist drill manufacturing are
high-speed steels (HSS) and carbides. Coatings are often used to protect the drill from
high cutting temperatures, reduce friction and enhance wear resistance to effectively

increase tool life.



M.A. Sc. Thesis — Ahmed Sweed; McMaster University — Mechanical Engineering

2.1.3.Forces in Drilling

There are three force components in drilling. Only two essential forces need to be
measured, the thrust force (Fw), which is perpendicular to the workpiece surface, and
the torque M which determines the spindle power requirements to rotate the drill. The

radial force (Fy) is balanced on both cutting blades [7],[8], as shown in Figure 5.

-

Th

Figure 5: Forces in drilling (Used with permission [7])

2.1.4. Wear in Drilling
Tool wear is a normal result of all machining processes; it occurs due to the high
friction between the cutting tool and the workpiece, resulting in high temperatures and

stresses on the tool surface. Figure 6 shows the typical wear location on a twist drill
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during the drilling process. This wear occurs due to different wear mechanisms.
Abrasive wear can happen when the cutting edge meets hard particles in the workpiece
material during cutting. These particles gradually remove small pieces of the cutting
tool. Adhesive wear is also expected in drilling, especially when cutting soft materials
such as aluminum; it takes place when chips adhere to the tool surface and grow
gradually, causing BUE [9]. Tool wear is undesired in drilling, and extensive effort is
expended on minimizing and controlling it because it can affect dimensional accuracy,

increase the cutting forces and tool temperature, and thus increase the machining costs.

Flank wear Land wear

Chisel edge wear Corner wear

Figure 6: Tool wear forms in drilling(Used with permission [10])
2.2. Burrs in Drilling

2.2.1.Burr Types
In machining, burrs can be divided into four main types: Poisson burrs, rollover

burrs, tear burrs, and cut-off burrs, as shown in Figure 7.
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Poisson burr

Rollover
burr

=

Tear burr

Figure 7: llustration of burr types (Used with permission [11]), according to [12]

The Poisson burr, also known as the side burr, occurs due to the material's tendency
to plunge under compression. The Poisson burr often occurs during turning processes
and is a function of the effective edge radius, pressure, and material properties, as

shown in Figure 8 [12], [13].

Poisson burr at top edge

] A-4
O IS— AL 414

Figure 8: Schematic illustration of the Poisson burr formed in turning (Used with permission [14])

The rollover burr is a large burr that occurs at the cutting tool exit when the chip
bends rather than is sheared. The rollover burr is a function of the depth of cut, the shear

and rake angles, and the workpiece material properties.

10
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Tear burrs occur as a result of material tearing rather than shearing. They are
common in punching operations, side milling, and drilling operations. The cut-off burrs
can be easily observed in saw cuts and automatic screw machine parts when the
workpiece gets separated from the raw material before finishing the cutting process. It
could be avoided by supporting the piece being cut until the end of the process [12].

In drilling, burrs can be classified into entrance burrs and exit burrs based on their
location. Entrance burrs form at the hole entrance when the drill engages with the
workpiece due to tearing, a bending action followed by clean shearing, or lateral
extrusion. At the burr exit, two different types of burrs are expected based on the drill
situation. When the drill is very sharp, a Poisson burr occurs due to the rubbing at the
margins of the drill. However, when the drill is worn out, the uncut chip curls at the
hole exit, causing a rollover burr [13].

The literature identifies five types of burr shapes in drilling, as shown in Figure 9.
The first two images on the top left of Figure 9 are Type | and Type I, consecutively,
which are uniform burrs without drill caps but with different burr sizes. Type 3 is a
uniform burr with a cap, and Type 4 is a crown burr. The crown burr is relatively larger
than the previously mentioned types and has an uneven height distribution around the
hole. The transient burr was observed during the drilling of AISI 4118 and appeared
after the uniform burr in the transient stage to becoming a crown burr [15], [16]. In this
study, uniform burrs with and without drill caps were observed, as described in the

following chapters.
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1. Uniform Burr Type |
2. Uniform Burr Type Il

3. Uniform Burr Type
with Drill Cap

4.Crown Burr
5. Transient Burr

25KV X22

Figure 9: Drilling burr types (Used with permission [11]).

2.2.2.Burr Mechanisms

In machining, burrs form through eight main stages depending on the workpiece
material's ductility, as shown in Figure 10. The first five stages are typical for all
materials, and starting from step six, the mechanism changes based on the workpiece
material. Stage one is continuous cutting, where the cutting tool cuts the workpiece and
generates flow-type chips in the case of ductile materials or crack-type chips when
cutting brittle materials. In stage two, the pre-initiation, the cutting edge moves towards
the exit surface and the elastic deformation zone touches the workpiece edge. The
plastic deformation zone in the area around the primary shear zone also extends toward
the workpiece edge. When the tool comes closer to the workpiece edge, stage three
begins, and a plastic deformation zone starts to form at the workpiece edge. Also, the
plastic deformation extends more. In stage four, a large deformation occurs at the

workpiece edge, creating a pivoting point in which the cutting forces may decrease
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because of the catastrophic deformation. At stage five, the two previously mentioned
plastic deformation zones extend and connect, forming a negative shear zone [17].

For ductile materials, the crack starts to initiate in stage 6-i at the cutting tool tip in
the primary shear zone in the same direction as the machined surface. This occurs
because the ductile materials have a critical fracture strain larger than the strain in the
negative shear zone. In stage 7-i, the tool generates crack growth in the direction of the
cutting line, along the primary shear zone, also deforming the workpiece edge. At the
final stage (8-i), the crack propagates more until it reaches the workpiece edge and
separates the chip, resulting in a positive burr [17].

The crack also initiates at the tool tip in brittle materials but in the direction of the
negative shear zone towards the pivoting point. This occurs because brittle materials
have a critical fracture strain lower than the strain in the negative shear zone, as shown
in stage 6-ii. In stage 7-ii, the crack propagates in the direction of the negative shear
zone and may change from the shear mode to the opening mode. Also, the workpiece
edge slightly deforms because of the crack propagation. At the end stage, the crack
reaches the pivoting point and separates the chip above the negative shear line, causing

a negative burr [17].
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Figure 10: Schematic illustration of the burr formation process (Used with permission [17])

2.2.3. Cutting Parameters’ Influence on Burrs

Cutting parameters, such as feed rates and cutting speed, have a notable relationship
to the produced burrs [2]. A thorough effort was made to study how machining
parameters affect burr formation in drilling.

Pande et al. investigated the effect of feed rate, workpiece hardness, and hole size
on burr height to identify the optimal conditions to minimize it [18]. It was found that
feed rates influence the resulting burrs. Burr height was significant at slow feed rates,

then started to reduce at intermediate feed rates and rise again at fast feed rates.
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Abdelhafeez et al. studied the effect of feed rate and cutting speed on burr size
during the drilling of Ti-6Al-4V titanium, Al7010-T7451, and Al2024-T351 aluminum
alloys. The study reported that the smallest burr size was found at an intermediate feed
rate and high cutting speed. Feed rate has the most significant impact on the exit burr
height; feed rates lower than the tool edge radius produce large burrs due to the
ploughing effect, and higher feed rates also form large burrs because of the higher thrust
forces [19] [18].

Stein and Dornfeld studied the effect of tool wear, cutting speed, and feed rate on
burr height during the drilling of stainless steel 304L using a small drill diameter of
0.91 mm. The study concluded that drill wear tremendously increases the burr height.
Also, burr height is high at low feed rates due to the ploughing action, then shortens as
the feed rate increases until it reaches 12 um/rev, after which the burr height grows
with more feed rate increases due to an increase in the thrust force. Moreover,
accelerating spindle speed was found to raise the burr height [20].

Costa et al. reported that burr height increases as a function of tool wear at both
slow and fast cutting speeds. Burr height increases exponentially after the tool has
reached 64% wear at the slower cutting speed and 82% at the faster cutting speed [21].

Coolant plays an essential role in reducing burrs in drilling. The high temperatures
during dry cutting increase the material ductility and lead to higher burr heights.
However, cooling down the workpiece using coolants can cause more brittle material

behaviour and leads to smaller burrs [22].
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2.2.4. Influence of Workpiece Material on Burrs

The workpiece material plays an essential role in the resulting burr size. The
ductility and strain hardening exponent make burr shape differ between materials.
Extremely ductile materials, such as high nickel alloys and low carbon steels, generally
form large burrs since they have more capacity for plastic deformation. On the contrary,
brittle materials with an elongation range of 0.5-3% often produce no visible burrs.
Likewise, materials with a high strain hardening exponent, such as stainless steels, can
develop noticeable burrs compared to low strain hardening materials. Tool wear can
indirectly influence burr size by elevating the workpiece temperature and subsequently
increase the ductility and produce large burrs [13], [16].

Material hardness can also affect burr size; materials with high hardness values can
make a larger burr since the thrust force is higher. The optimum hardness range that
produces a small exit-burr height is 130-140 BHN. Materials with high ductility, such
as copper and aluminum, make larger burr sizes. Also, very hard materials like ferrous

metals produce larger burrs due to the higher thrust forces [18].

2.2.5. Impact of Tool Geometry on Burrs

Gillespie et al. conducted a study to understand the effect of different helix angles
on the height and thickness of exit burrs. A high helix angle was found to produce
smaller entrance and exit burr heights and thinner burrs than a low helix angle.
Increasing the helix angle increases the effective rake angle and thus leads to lower

thrust forces and smaller burrs [23], [16].

16



M.A. Sc. Thesis — Ahmed Sweed; McMaster University — Mechanical Engineering

Neugebauer et al. studied the effect of using different drill diameters on the exit
burr height. The study found that burr height increases proportionally with the drill
diameter[23], [24].

Kim and Dornfeld studied the effect of changing the drill diameter, point angle, and
web thickness ratio on the exit burr size for two different materials, AISI 304L stainless
steel, and AISI 4118 low alloy steel. The study reported that doubling the drill diameter
from 4 mm to 8 mm caused a 10% increase in burr height. Moreover, burr size enlarges
as the drill point angle widens. By increasing the point angle, the effective rake angle
decrease, causing the thrust force and the burr size to increase accordingly. In addition,
increasing the web thickness ratio extends the non-efficient cutting length, leading to

greater thrust force and burr size [16].

2.2.6. Influence of Coatings on Burrs.

In drilling, cutting temperature plays a significant role in controlling the burr size.
By lowering the temperature, ductility reduces, leading to smaller burrs [13], [16].
Reducing the friction between the cutting tool and the chip can reduce heat generation
and cutting forces.

Rivero et al. studied the effect of using low-friction coatings, such as tungsten
carbide / carbon (WC/C), on the produced burr size during the dry drilling of aluminum
7075-T6. The study reported that a Balinit Hardlube coating, a multilayer of TiAIN and
low-friction coating WC/C, produced smaller burr sizes than an uncoated drill at all

feed rates tested [25].
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Huang et al. investigated different coatings and cutting parameters on the burr
height in the drilling of aluminum 6061. The study revealed that the CrN coated drill

produced the smallest burr height at moderate cutting speeds and feed rates [26].

2.2.7. Influence of Exit Surface Profile on Burrs

One important factor that affects burr formation in drilling is the tool/workpiece
orientation. As seen in Figure 11, the exit surface angle can vary depending on the
workpiece's exit surface profile. By increasing the exit surface angle, the pivoting point
that triggers the plastic bending of the burr moves closer to the drilled hole at the bottom
side, producing a smaller burr [27]. Min et al. predicted the likelihood of burr location
and burr height distribution based on the combined effect of the interaction angle and
the effective exit surface angle [28]. The influence of the spindle speed, feed rate, and
exit surface angle were investigated during the drilling of Al7075. The study revealed
that the minimum burr height was observed with a low exit surface angle, slow feed
rate, and fast spindle speed. Additionally, the burrs occurred around the hole periphery

only in a specific region between 110° and 357° [29].
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Figure 11: Variation of the pivoting point (Used with permission [28])

2.3. Burr Measurement

Accurate and precise burr measurement is vital in order for researchers and
engineers to enable burr detection and control. There are several methods for burr
measurements. Figure 12 classifies the typical measuring methods into four main
categories: destructive measurement methods, mechanical measurements methods,
optical measurements methods, and electrical measurement methods [11]. In this
section, the methodology of each technique is explained in addition to its advantages

and disadvantages.

Burr measurement

Destructive Methods Mechanical Methods Optical Methods Electrical Methods

Figure 12: Burr measurement methods
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A metallographic cross-section sample of the burr was prepared by sectioning the
edge, as shown in Figure 13. The advantage of this method is that it allows all the burr
dimensions and hardness to be measured accurately but it does require that the part be

destroyed [11], [30], [31].

Figure 13: Cross-section of a burr (Used with permission [32])

In mechanical methods, a stylus is used to measure the burr profile, as seen in Figure
14. In this method, advanced calculations are needed to compensate for the shape effect
of the tracer point of the stylus and get more accurate measurements of the burr.
Moreover, this method can only measure the burr height and is limited to the workpiece
material stiffness since the burr could be deformed due to the contact force of the stylus

[11], [31].
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Figure 14: Burr analysis applying stylus method (Used with permission [31])

Optical systems are commonly used for burr measurements, such as optical
microscopes and camera systems[31]. In this dissertation, a 3D optical microscope was

used to measure burr height precisely. More details are explained in section 3.2.3.

2.4. Burr Control

2.4.1. Deburring Techniques

Deburring is the process of removing burrs from a machined part to improve its
quality. According to a study performed in the German automotive and machine tool
industry, deburring-related costs can increase part cost by about 15% because of
workforce costs, 2% due to rejected parts, and 4% because of machine breakdown [11],
[33]. Deburring operations can be categorized into four main groups. They are
mechanical deburring, thermal deburring, chemical deburring, and electrical deburring

[13], as shown in Figure 15.
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Deburring Operations

Mechanical Deburring Thermal Deburring Chemical Deburring Electrical Deburring

Figure 15: Deburring operations according to [13]

Within these four categories, there are several techniques for deburring, such as
brushing, electrochemical deburring, and thermal energy methods. Electrochemical
deburring is a quick method for deburring hard-to-reach burrs, which can dissolve burrs
in 5-10 seconds using a specially designed tool to concentrate dissolving solutions at
an applied electricity [13]. According to Gillespie, thermal deburring is considered the
fastest method for deburring many parts in a fraction of a second. This occurs by
generating a high-temperature shock wave enough for burning and evaporating the burr

[13].

2.4.2.Burr Minimization Techniques

Due to the high cost of deburring, many innovative ideas were developed to produce
high-quality machined parts with acceptable burr sizes. In this section, some techniques
and their impact on burr minimization are explained.

As described previously in section 2.2.3, process parameters significantly impact
the resulting exit burr in drilling. Drilling burr control charts (DBCC) is a tool built
from a large amount of experimental data on the exit burr size at various cutting speeds

and feeds for different materials [2], [15]. An expert system could be established using
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the burr control charts to anticipate the burr type and size at selected speeds, feeds, and
tool diameters.

Biermann et al. introduced an innovative cooling technique for burr minimization
during the turning of Austenitic-Ferritic duplex stainless steel. This material has a high
fracture toughness, which produces a comparatively sizeable positive burr [17]. In this
research, carbon dioxide (CO.) based in-process cooling was used, resulting in a
significant reduction in the workpiece temperature. The accelerated cooling of the
workpiece lowered its formability, resulting in a smaller burr. Also, the kinetic energy
generated by the cold blast of CO- caused the burr to deform and break [34], as shown
in Figure 16. The same idea was tested with the face milling of EN AW-6060 aluminum
by precooling the workpiece with dry ice in addition to using two CO2 nozzles for in-
process cooling. The results showed a burr volume reduction of about 30-40%
compared to dry machining. This technique was also tested with the drilling of
34CrNiMo6 steel and AIMgSil aluminum at different feed rates. In contrast with the
favourable results of the previous turning and milling tests, drilling using CO2 showed

no significant difference in burr height compared with using coolant [22].
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Dry machining MaQL Emulsion

Figure 16: Influence of the cooling concept on burr formation and tool wear in turning stainless steel
(Used with permission [34])

Orbital milling is a common technique for burr and drilling cap control in the
aerospace industry. It was first introduced to the aerospace industry by a company
called Novator. In this technique, a special end mill with a diameter smaller than the
required hole diameter is fed inside the workpiece in a spiral motion, resulting in lower
thrust forces and high-quality holes with a short burr height [35], as illustrated in Figure
17. Extensive research was performed to study the effect of the cutting parameters and
tool geometry on the produced burrs and drill caps during the orbital drilling of primed
glad aluminum 2024 [36]. The study reported that high-quality holes can be achieved
with slower feed rates. Also, fast axial feed rates can successfully remove the drilled

cap.
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Figure 17: Orbital milling principle (Used with permission [35])

Drilling stacked materials, or, as it is sometimes called, drilling with backup
support, is also a common method in burr control that has been used in the aerospace
industry. In this technique, a supporting plate is used under the drilled hole to minimize
the exit burr formation. Kundu et al. investigated the effect of using backup support
under different cutting conditions during the drilling of aluminum alloy flats. The study
revealed that using backup support at a slow feed rate, along with a moderate cutting
speed and water cooling, reduced the burr height by 33% [37]. Another study was
conducted to investigate the influence of the drill geometry, coatings, cutting
parameters, clamp type, and distance on the resultant interfacial burrs. It was found that
the drill point angle, clamp distance, and clamp type had the most significant impact on
the interfacial burr. Additionally, it was concluded that the minimum interfacial burr

size was obtained using a step drill with a 118° point angle [38]. Tian et al. studied the
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correlation between the feed rate, thrust force, interlayer gap, and interlayer burr. They
found that the thrust force increased when a higher feed rate was used, which expanded
the interlayer gap and increased the interlayer burr. Based on this correlation, a preload
pressing force was tested as a trial to reduce the interlayer gap and the consequent
interlayer burr. The results showed a reduction in the interlayer burr height as the
pressing force increased, and when the pressing force exceeded 247.5 N, the interlayer
burr was controlled significantly [39].

Ultrasonic assisted (UA) vibration was also shown to have an impact on reducing
burr size. In UA drilling, a high-frequency vibration in the feed direction was added
through the tool or the workpiece. The effect of UA drilling on burr formation was
investigated by Takeyama et al., who found that using ultrasonic vibration significantly
reduced the thrust force and the burr size [40]. Chang et al. studied burr size using
different vibration frequencies, vibration amplitudes, and cutting parameters while
drilling aluminum AL1100-0. The results showed a reduction in burr height at a high
vibration frequency of 20 kHz and a high peak to peak vibration magnitude of 4
microns. The authors related the decrease in burr height using UA drilling to the thrust
force. The UA drilling produced segmented chips as opposed to the long chips created

in conventional drilling, which reduced the thrust force and burr height [41].
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Chapter 3. Approach 1: Burr Control Using Pressurized Materials

This chapter explains a new technique for exit burr control during the drilling of
aluminum 6061-T6. The main objectives of this study are summarized as follows:
%+ Develop a new effective burr minimization and control technique by injecting
different materials at high pressures under the workpiece at the drill exit side.
% Develop a new injecting material that could be used for this technique.
% Study the correlation between different injecting material mixtures and burr
height.
% Study the correlation between the injecting pressure, thrust force, and burr

height.

3.1. Experimental Procedures
This section explains all the experimental procedures, including the idea, fixture

design, injecting material development, and experimental setup.

3.1.1. Idea Overview.

The idea was to develop a new technique for burr minimization and eliminate
drilled cap formation during the drilling of ductile materials. The new method involves
injecting a material at high pressures under the exit side of the workpiece where the
drilling tool emerges, as shown in Figure 18. This material counterbalances the drilling
thrust force and supports the workpiece at the exit side, leading to a lower burr size and
no drilled cap. The injecting materials tested in this dissertation were in a liquid or paste

form, as explained in the next section.
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Figure 18: Idea explanation

3.1.2. Idea & Design Development.

In order to implement the idea, a considerable amount of time and effort was
spent on developing a fixture for the experimental work. The main goal of the new
design is to deliver materials underneath the drilled hole at different pressures. The
first design was created to provide a high-pressure coolant at the burr exit side. As
shown in Figure 19, the design consists of a holding block and two holding clamps
made of medium carbon steel AISI 1045. Internal runners were drilled inside the
holding block to deliver the high-pressure coolant precisely under the workpiece hole
exit. Also, four counterbored holes were made in a square pattern with a 70 mm hole-
center to hole-center length to clamp the block on the top of a table dynamometer for
force measurements. The inlet hole of the holding block has a 3/8- 18 NPT thread to

connect with the HPC hose for coolant delivery. The two holding clamps were
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designed to provide enough clamping force on the top of the workpiece using two

M12*1.75 bolts.

(a) (b)
Figure 19: (a) 3D view of the fixture design, (b) Cross-section

Then the design was modified to deliver materials in a paste form by adding an
injecting unit to the design, as shown in Figure 20. The injecting unit has two main
functions. The first function is storing and providing the paste material under the drill
hole exit at different pressures through the holding block channels. The second is to
transfer the pressure from the hydraulic oil/pressuring system to the injecting material.
The injecting unit is an AISI 1045 steel tube with an outer diameter of 1.5 inches and a
wall thickness of 0.25 inches. The cylinder has two ends; the right end is connected to
the outlet hose of a foot pedal intensifier (details about the pressurizing system are
explained in section 3.2.2), and the left end is connected to the block through a 1 x 3/8
NPT thread. Inside this unit, there is a pusher to separate the hydraulic oil from the
intensifier and paste stored in the injecting chamber, and to transfer the pressure from

the inlet side to the outlet side, as shown in Figure 20(b).
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Figure 20: (a) 3D view of the modified design, (b) Cross-section of the design

3.1.3. Workpiece Properties

In this study, Aluminum 6061-T6 flats with 6*1*0.25 inches were used (see Figure
21). The chemical composition and mechanical properties of the alloy used are
illustrated in Table 1 and Table 2 [42]. Aluminum alloys are used widely in engineering
applications due to their relatively high strength-to-weight ratios compared to other
metals, such as steel. This unique property makes aluminum a good choice for
applications that require lightweight and strong materials, applications such as
automotive and aerospace components [43]. Despite the excellent machinability of
aluminum alloys, their relatively higher ductility stimulates large burr and drilled cap

production. Therefore, burr control when machining this material is challenging.

Figure 21: Workpiece
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Table 1—Chemical composition of Aluminum 6061-T6 [42]

Chemical Composition

Element Si Fe Cu Mn Mg Cr Zn Ti Other Al

Weight% 0.4-08 ~0.7 0.15-04 ~0.15 0.8-1.2 0.04-035 -~0.25 -~0.15 ~0.15 rem

Table 2—Mechanical properties of Aluminum 6061-T6 [42]
Mechanical Properties

Yield Strength (0.2%  Ultimate Tensile Hardness Elongation
offset) (MPa) Strength (MPa)  (Rockwell E) (%) in 50 mm
240 260 90 10

3.1.4.Tooling Selection

The twist drill used for this test was a 7 mm diameter uncoated carbide OSG drill
with a straight shank. Table 3 presents detailed information about the drill. The twist
drill was selected to have a low helix angle, which has been shown to produce a larger
burr than a high helix angle drill [16], [23]. The intention with this choice was to
maximize the exit burr formation to study the effect of the new technique on burr size
in a challenging environment. Before the experiment, all the twist drills were examined
under a 2D optical microscope (Keyence) for any cutting edge defects, such as
microchipping. The drill was scanned using a 3D optical microscope (Alicona), as
shown in Figure 22, to perform a microgeometry analysis of the cutting edge, if needed.

In order to avoid the effects of drill wear, a new drill was used for each test.

Table 3— Specifications of the drill

Drill
Type: Metric, no coolant through
Material: Uncoated Carbide
Diameter: 7.0 mm
Point angle: 135°
Flutes: 2
Flute length: 40 mm
Helix angle 12°
Make: 0SG
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Figure 22: 3D scan of the 7mm OSG drill

3.1.5.Process Parameters

A fast feed rate has been found to significantly affect burr size. It directly increases
the thrust force, creating more plastic deformation and enlarging the resultant burr [18]—
[20]. In order to test the injection technique in a challenging environment, the cutting
parameters were selected to produce a large exit burr. A high feed rate was chosen to
maximize the exit burr size. In addition, dry machining was selected because it keeps
the cutting temperature high ahead of the drilling tool, which may cause material
softening, increase the material ductility in the cutting zone, and produce a larger burr

[37]. Table 4 explains the cutting parameters and the drilling geometry used in this

experiment.
Table 4—Process parameters of the drilling test
Parameters Drilling

Hole diameter, mm 7.0

Hole depth, mm 6.25

Spindle speed, RPM 6000

Feed, mm/min 2000

Feed rate, mm/rev 0.33

Coolant No coolant
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3.1.6. Injecting Material Development

The development of the injecting/supporting material used in this study went
through four phases, as shown in Figure 23. In Phase 1, the first series of tests were
performed using a high-pressure coolant. A ChipBlaster high-pressure pump was used.
This pump can deliver coolant at a maximum flow rate of 8 GPM and a maximum
pressure of 1000 psi. The pump also has a pressure control valve to control the output
pressure and pressure gauges to measure the pressure in the system. The coolant used
in this test was a semi-synthetic coolant at a concentration of 8-10% according to the

refractometer index.

Injecting Materials

Tested
Phase 1 Phase 2 Phase 3 Phase 4

High Pressure Commercial Anti- Al Paste Al Paste
Coolant seize (Liquid Coolant) (High Viscosity Coolant)
P>

Idea Development

Figure 23: Injecting-material development

Phase 2 was the turning point from injecting material in a liquid form to injecting
it as a paste. In this phase, a Permatex® Silver Grade commercial anti-seize was
injected at the drilled hole exit. The anti-seize used was a blend of aluminum, copper,
and graphite microparticles mixed in a grease medium. The testing of this anti-seize
was done to understand the effect of injecting material in a paste form at high pressures
on the exit burr size. Although the results from phase 2 were promising, as explained
in section 3.3.1, it is not recommended to use anti-seize inside a CNC machine as it
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may contaminate the inner machine components and the cooling system, causing many
issues.

In phase 3, a unique aluminum paste was developed for this application based on
the performance of the anti-seize from phase 2. The material was a mixture of
aluminum microparticles and CommCool™ HD semi-synthetic coolant, as shown in
Figure 24. The advantage of this material is that it can easily be mixed with the machine
coolant without causing damage to the machine components. The material was injected
into the holding block at 7000 psi. As a result of injecting the material at this high
pressure, severe leakage was observed in different locations in the holding block,

especially underneath the workpiece.

Figure 24: Aluminum paste (Al powder + liquid coolant)

Because of the failure that occurred in phase 3, a new form of coolant oil was
developed to provide the mixture with high viscosity, avoid leakage, and enhance the
mixture's stability at high pressures. The unique coolant was composed of 10% Viscool

6120 base oil, 85% water, and 5% Acusol 820 viscosity modifier. The additives were
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mixed for 30 min to become uniform and viscous enough for the test, as shown in
Figure 25. This form of coolant was later mixed with aluminum powder at different
ratios to create an aluminum paste that can provide solid like behaviour when

compressed at high pressures.

Figure 25: High viscosity coolant

The Aluminum powder used in phases 3 & 4 was bought from Sculpture Supply
Canada. Its particle size was examined under an optical microscope at a high
magnification of 500X, as shown in Figure 26. Fifteen images were analyzed, and the
measurement results showed that the material follows a normal distribution, as shown
in Figure 27, with a mean size of 48.8 microns and a standard deviation of 16.7

microns.
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Figure 26: Optical image of aluminum powder at 500X magnification
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Figure 27: Aluminum powder, particle size distribution
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3.1.7. Testing Plan

This experiment centered around two main objectives: firstly, to find the mixture
with the minimum Al powder to coolant ratio necessary to obtain the shortest possible
burr height, and secondly, to test this mixture at different pressures to understand the
correlation between the applied pressure, thrust force, and produced burr. A testing plan
was prepared to test different Al powder/coolant ratios, as seen in Table 5. The table
shows the weight of both the aluminum powder and coolant as well as each substance’s
percentage of the mixture’s total weight for each test. The first test was performed
without using any injecting material in order to use its results as a benchmark and
compare them with the results of the other tests. Each test was repeated three times using

a new drill to achieve better data accuracy.

Table 5—Testing plan 1

Test # Injected Pressure Al Powder wt Coolantwt Powder wt  Coolant wt
Material (psi) (9) C); (%) (%)
1(Benchmark) No material 0 0 0 0 0

2 HPC 1000

3 Anti-seize 7000

4 Al paste 7000 22 90 20% 80%

5 Al paste 7000 60 90 40% 60%

6 Al paste 7000 90 90 50% 50%

7 Al paste 7000 135 90 60% 40%

A MITO portable scale was used during the experiment to weigh the Al
powder/coolant mixtures precisely, as shown in Figure 28. This scale has a high

precision of 0.1 g, a maximum weight range of 3000 g, and an error range of £0.1%.
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Figure 28: Mixture weighing and preparation, (a) High viscosity coolant, (b) Aluminum Powder

The second series of experiments was performed using the optimum Al paste

mixture identified during testing plan one at different injecting pressures. Table 6

describes the aluminum mixture used in the test with applied pressure values.

Table 6—Testing plan 2

Test # Injected Pressure Al Powder wt Coolantwt Powder wt  Coolant wt
Material (psi) (9) (9) (%) (%)
1 Al paste 7000 60 90 40% 60%
2 Al paste 5000 60 90 40% 60%
3 Al paste 4000 60 90 40% 60%
4 Al paste 3000 60 90 40% 60%
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3.1.8. Experimental Setup

The drilling experiments were performed on a Matsura RA Il1F, a three-axis vertical
CNC milling center with a spindle power of 10 hp and a maximum spindle RPM of
8000. Figure 29 shows the setup used during the test. The machining tests were
executed under dry conditions with a feed of 2000 mm/min and a spindle speed of 6000

RPM, as described in Table 4.

Figure 29: Experimental setup for drilling tests in a vertical CNC machine

3.2. Measurements

3.2.1.Drilling Forces
In this study, thrust force was measured using a Kistler 9255B table dynamometer.

The dynamometer has four 3-component force sensors that measure forces in X, Y, and
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Z directions, as shown in Figure 30. Drilling thrust force is measured in the Z direction,

with a measurement range from -20 to 40 kN.

Figure 30: Dynamometer forces coordinating system

The dynamometer was connected to a Kistler 5167A81 eight-channel amplifier
through a 1689B5 Kistler cable. The amplifier has a powerful data acquisition card that
amplifies the output signal and delivers digitalized measurement values directly to
Kistler dynoware software version 2825A-03 for visualization and signal analysis, as
illustrated in Figure 31. In accordance with the manufacturer's recommendations, thrust
force was measured at the center of the dynamometer for the most accurate results. The

forces were collected at a sampling rate of 1000 Hz.
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I Kistler 5167A81

Kistler 9255B

Dynoware

Figure 31: Hlustration of force measuring components according to [44]

While each hole was drilled, thrust force was measured, mainly to understand the
average thrust force at the hole exit, and these values were used to study the minimum

injecting pressure needed to minimize the drilled exit burr.

3.2.2.Pressure

To perform the tests, an adequate pressurizing system was required. Figure 32
shows the main components of the system used in this work. The system consists of the
following:

1. An air pressure regulator with a maximum output pressure of 125 psi,
whose primary function is to control the air pressure that flows into the
intensifier. This regulator controls the maximum output pressure in the
system.

2. Anair inlet nozzle, which allows the air to flow into the intensifier.
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Figure 32: Pressuring system

3. A SWIFTSURE foot pedal intensifier. This intensifier has a hydraulic oil
tank inside and uses an inlet air pressure ranging from 40 to 75 psi. It
intensifies the inlet air pressure with an intensification ratio of 1:100 and
can provide oil at a maximum pressure of 7500 psi.

4. An oil outlet nozzle, from which hydraulic oil exits the intensifier at high
pressures.

5. A hydraulic pressure control valve to control the oil pressure in the system.

6. A pressure gauge with a measuring range of 0-9000 psi to precisely
measure the oil pressure.

7. A material injector to transfer the pressure from the hydraulic oil to the

injecting material.
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8. A holding block, which holds the aluminum workpiece on the top, receives
the injecting material from the injector at the required pressure, and directs

it to underneath the hole exit.

3.2.3.Burr Size

According to the ISO 13715 standards, burr size (a) is the value measured from the
burr tip perpendicular to the surface from which the burr is protruding [45], as shown
in Figure 33. In this dissertation, the burr size value (a) was used to compare the results

under different conditions.

Figure 33: Burr size ((Used with permission [45])

The burr size of the exit burr was measured after each test using an Alicona Infinite
Focus G5 optical microscope, as shown in Figure 34. This microscope can generate 3D
images of the burr using focus variation technology with a lateral resolution of 400 nm
and a vertical resolution down to 10 nm. The microscope also has an integrated software
package to allow the user to analyze the captured images and perform different

measurements.
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Figure 34: Alicona 3D optical microscope

All burr samples were scanned at 10X magnification at an approximately 45°
inclination. For each sample, images of the burrs were captured from at least five
sections to identify and measure the maximum burr size of each section, as shown in
Figure 35. The average burr size in all sections, as well as the standard error of the

mean, were calculated and reported for each test using Eq 1 and Eq 3.

Ya Eq1l

JE@=an? Eq2

SD =
n—1

SEM = Eq3

RIS
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Where,
am = mean burr size for each test
a = measure burr size for each section
n = number of measurements
SD = standard deviation
SEM = standard error of the mean
In addition to burr measurements, a Keyence 2D optical microscope was used in
this study to capture high-resolution images of the burr to visually compare them side

by side.

Burr Size

alicona

Highest
Point

é,&o
S

%

Figure 35: Burr measuring using a 3D microscope (Alicona)
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3.3. Results

3.3.1.Burr Size:

The chart in Figure 36 shows the exit burr sizes that resulted from using different
injecting materials. As seen, using a high-pressure coolant at 1000 psi as an injecting
material had almost no effect on the burr size. It's also notable that the anti-seize
produced a minimal burr compared to the regular drilling with no supporting material
(benchmark). However, the newly developed aluminum paste with an aluminum
content of 20% created a burr size similar to the benchmark. The paste started showing
a significant reduction in burr size when it had 40% aluminum content, and Al content
increases beyond 40% showed no further related burr size improvement. Figure 37

shows optical images of the exit burr under different conditions.
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Figure 36: Burr size for different injecting materials
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20% Al

(9)

Figure 37: (a) Optical image of burr for benchmark at 50x, (b) High-pressure coolant at 1000 psi,
(c) Anti-seize at 7000 psi, (d) 20% Al paste at 7000 psi, (e) 40% Al paste at 7000 psi, (f) 50% Al paste
at 7000 psi, (g) 60% Al paste at 7000 psi.
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3.3.2. Thrust Force

Thrust forces were measured during all the experiments. Figure 38 illustrates the
typical thrust force graph as a function of time in the drilling operation. The graph has
three main stages. In the first stage, the cutting lips are steadily engaging with the
workpiece. After that is the steady drilling region, in which the cutting edges are fully
engaged with the workpiece and the twist drill steadily cuts in the feed direction. At the
drill exit, as a result of the high plastic deformation, fracture occurs, and the drill exits
the workpiece. Using the graph, the thrust force was determined from the steady drilling
region by calculating the moving average of approximately 0.11 seconds. Thrust force
values for all tests were similar at about 431 N. This value was used to determine the

correlation between the thrust forces, the applied pressure under the hole exits, and the

burr height.
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Figure 38: Thrust force graph for drilling a hole
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3.3.3.Pressure

Another set of experiments was performed using aluminum paste with a mixture of
40% Al microparticles and 60% high viscosity coolant. The mixture was tested under
different injecting pressures, and the results are shown in Figure 39. The figure
illustrates that the smallest burr height achieved was 202.6 microns at a pressure of
7000 psi. a slight increase in burr height by reducing the pressure to reach 239.3
microns at a pressure of 4000 psi. When the injecting pressure drops down to 3000 psi,
the burr height significantly increased to 529.6 microns, reaching a similar level to the
condition without any supporting material (the benchmark). This confirms that the
minimum effective pressure for producing a small burr is somewhere between 4000 psi

and 3000 psi. However,

600
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200 I I I

100

Burr Height (um)

0
3000 4000 5000 7000

Injecting pressure (psi)

Figure 39: Burr height at different injecting pressure

In order to understand the relation between the thrust force from the drilling action and
the injecting/supporting force under the hole exit, forces under the exit hole side were
calculated using Eq 4
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Fi ES PiAi Eq 4
Where,

Fi = supporting force (force under the drilled hole exit)
Pi = injecting pressure
A= area of the drilled hole
Figure 40 illustrates the relationship between the calculated force under the hole
exit and the produced burr size. The figure shows a significant improvement in burr
size when the supporting force reaches 1061 N, approximately two and a half times the
thrust force value (see Figure 41). Moreover, a slight reduction in burr size was

observed by increasing the supporting force to more than 1061 N.
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Figure 40: Burr heights at different injecting forces
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Figure 41: Burr height relation with calculated injecting to thrust force ratios

3.4. Discussion

Injecting aluminum paste at high pressures showed a significant reduction in burr
height compared to conventional drilling. Moreover, no drilled cap was observed when
using the new approach in contrast with conventional drilling, which produced a drilled
cap in all experiments. During the conventional drilling of ductile materials, when the
twist drill is near the hole exit, the material under the chisel edge starts to yield. The
thrust force plastically deforms the material in front of the drill into a cone shape. With
continuous drilling, fracture occurs at the hole perimeter, creating a uniform burr with

or without a drilled cap [39], as seen in the high-speed images in Figure 42.
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Figure 42: High-speed camera images of drilling exit burr formation (a) burr initiation, (b) material
plastic deformation, (c) fracture, (d) burr and drilled cap at the end.

The reason for this improvement could be related to the burr formation mechanics.
Figure 43 illustrates the expected steps for burr formation using the new approach.
Figure 43 (a) shows that the twist drill gradually cuts the workpiece material in the feed
direction. Before the drill approaches the hole exit, the material under the drill center-
point starts to yield. At this moment, with enough injecting pressure, the aluminum
paste creates a dam-like effect which supports the exit burr and prevents the burr from
moving freely in the feed rate direction propelled by the thrust force, as shown in Figure
43 (b). As a result, the fracture occurs at the center of the drill, causing the aluminum
paste to flow against the feed direction through the drill flutes under the applied
pressure. The material flow and supporting pressure help keep the workpiece material
balanced and prevent it from bending at the hole periphery under the thrust force (see
Figure 43 (c)). While the twist drill proceeds towards the exit, the fracture in the hole

center grows. Accordingly, the flow rate of the supporting material increases, and the
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injecting pressure drops significantly until it reaches zero. Eventually, when the
balancing force becomes lower than the thrust force, the thrust force starts to yield the
workpiece material, causing a small burr to occur, as illustrated in Figure 43(d).

Reducing the injection pressure from 7000 psi to 4000 psi showed a slight increase
in burr height from 203 microns to 239 microns which represents an increase of 17%.
Reducing the injection pressure further from 4000 psi to 3000 psi increased the burr
height significantly from 239 microns to 530 microns representing a 121% increase in
burr height. The sudden increase in burr height was attributed to the lack of functional
support provided by the lower pressure. By dropping the pressure to 3000 psi, the
injecting pressure is no longer sufficient to create the dam-like effect needed to support
the back of the drilled hole resulting in the formation of a large burr.

The minimum effective injection pressure needs to generate a support force that is
greater than the thrust force associated with drilling. In this study, the
injection/supporting force was two and a half times the thrust force to compensate for
the pressure drop and the material flow that occurs due to the initial fracture at the hole
center. The time required for the pressure to drop from its maximum value to become
non-effective may impact the produced burr. More time may delay the deformation of
workpiece material, thus reducing the burr size. In addition, providing constant pressure
and continuously injecting the supporting material may serve to provide better support

thus helping to reduce burr height further.
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Figure 43: Burr formation mechanism using Al paste injection.
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3.5. Conclusions

A novel approach for burr minimization and drilled cap elimination was developed
and studied on the drilling of aluminum 6061-T6. The study included injecting a newly
developed aluminum paste at high pressures under the drilled hole exit. The results
showed a significant reduction in burr size when injecting aluminum paste with 40%
Al content at 7000 psi. The reduction in burr size was approximately 57% compared to
the benchmark, and there was no drilled cap. Different injecting pressures were also
tested, and the minimum effective pressure to produce smaller burrs was found to be
about 4000 psi. Moreover, the supporting force under the drilled hole exit was
calculated. The minimum supporting force that significantly improves burr size was

1061 N, approximately two and half times the thrust force.
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Chapter 4. Burr Control Using Step Drills

In this chapter, a new approach for designing and testing application-based step
drills will be explained. The main objectives of this research can be summarized as the

following:

X/
°e

Understand the fundamentals of step drills and their performance in burr

control.

% Develop a new experimental procedure for designing and testing highly
effective step drills for a specific application.

%+ Conduct a preliminary study to understand the correlation between step size,
step profile, and burr height.

% Use the optimum step size, and step profile from the preliminary results to
design a new step drill.

%+ Test the step drill and compare its performance with the preliminary results and

the benchmark.

4.1. Experimental Procedures.
In this section, a detailed description of the experimental procedures will be

covered.

4.1.1. Idea Overview.
Drill geometry and design play an essential role in the produced hole quality. The
tool market has a large variety of different drill designs to accommodate market needs.

However, each drilling process has unique requirements based on the workpiece
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material, cutting parameters, and cooling method. Step drills are common tools that
have been used for burr control in industrial applications/products. When designing a
step drill, it is important to consider how different parameters control its performance.
The two primary parameters that affect the produced burr size are step size and step
profile [46], [47]. Step profile can be in chamfer or radial shapes, as shown in Figure
44. In chamfer steps, the step angle 6, affects the step drill performance and needs to
be studied. The performance of radial steps is affected by the step radius.
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Figure 44: Step profile (a) chamfer step, (b) radial step
Figure 45 illustrates the main features of the step drill. D1 is the first diameter
responsible for drilling the first hole; D2 is the second diameter and is located on the
upper part of the tool for cutting the hole to its final diameter, and 6. is the step angle.
The step size (¢) can be calculated using Eq 5.

D; — Dy Eq5
2

| =
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Figure 45: Schematic of a step drill

Due to the many parameters that affect exit burrs in drilling, such as the tool
geometry, workpiece material properties, cutting parameters, and exit surface profile,
step drill performance differs from one process to another. In industry, improving the
hole quality by optimizing the process parameters or the workpiece material often has
limitations. These limitations are usually due to the machine capabilities or the final
product specifications. Thus, optimizing the drill geometry to improve the exit burr size
is considered the most practical way to improve the hole quality. Testing and validating
different step drill designs for a specific process by varying the step size, and step
profile can take a long time as it includes designing the tools, grinding them, testing

them, and validating them.
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The idea proposed in this dissertation is a novel approach for designing and testing
process-based step drills. The new method includes using off-the-shelf drills to
precisely simulate the step drill and determine the optimum step size, and step profile
to minimize burr and eliminate the drilled cap. In this methodology, we used two off-
the-shelf drills to mimic the cutting action of a step drill. The first drill simulates the
small diameter D1 at the front side of the step drill. The second drill's diameter
represents the large/final diameter D, on the upper portion of the step drill, and the
point angle of the second drill represents the step angle 0 in the case of a chamfer step
profile, as shown in Figure 46. The second drill also can have a radial corner with radius
R to simulate the radial step profile. In this way, the time and cost required to design
the step drills was reduced to a few days instead of months. It is more important that

the process-based step drill design can achieve very high efficiency in burr control.
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Step drill

Figure 46: Idea explanation

4.1.2. Workpiece Preparations

For the experimental work, a cast aluminum component was studied that included
oil holes. Oil holes needed to be drilled from the outer diameter all the way to the inner
region. During the quality inspection of the oil holes, a large burr and a drilled cap were
found attached to the exit surface. These burrs can interfere with the part’s functionality

and may lead to catastrophic failures.
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The parts were machined using an OKUMA 2 axes CNC lathe to smooth the
surface and remove any defects generated from preparing the part on the waterjet

machine, as shown in Figure 47.

Figure 47: Workpiece preparation after water jetting, and turning the outer surface

4.1.3.Tooling Selection

As previously described, two significant factors affect the step drill's performance:
step size and step profile. The main goal of this study was to understand the effect of
changing these parameters step size and step profile on the produced burr and improve
the burr by selecting the optimum step geometry and using it to design a step drill.
Table 7 represents the four drills used to drill the first hole diameter D1. The twist drills
were selected to be identical in geometry with only differences in diameters. Table 8
illustrates the three drills used for drilling the second hole diameter D,. These drills all
had the same diameter as was required for the final hole size. However, drill #5 and

drill #6 had different point angles to simulate the effect of a chamfer step with varying
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angles. Drill #7 was selected to have rounded corners so that the impact of using a radial

step profile on the exit burr size can be assessed.

Table 7—Tools used to drill the first hole D1 with different diameters

Drill #1 Drill #2 Drill #3 Drill #4
Type: Metric Metric Metric Metric
Coolant Through coolant  Through coolant Through coolant Through coolant
Material: TiAIN coated TiAIN coated carbide TiAIN coated carbide  TiAIN coated
carbide carbide
Diameter: 6.7 mm 6.4 mm 6.1 mm 5.8 mm
Point Angle: 140° 140 ° 140 ° 140 °
Flutes: 2 2 2 2
Flute length: 24 mm 24 mm 24 mm 24 mm
Make: Kennametal Kennametal Kennametal Kennametal

Table 8— Tools used to drill the second hole Da.

Drill #5 Drill #6 Drill #7
Type: Metric Metric Metric
Coolant Through coolant Through coolant Through coolant
Material: Coated Carbide Coated carbide Coated Carbide
Diameter: 7.0 mm 7.0 mm 7.0 mm
Point Angle: 180° 130° 143 °
Flutes: 2 3 2
Cornerradius 0 0 1.4 mm
Flute length: 24 mm 24 mm 24 mm
Make: Kennametal Kennametal Kennametal

Based on the preliminary results from testing the off-the-shelf drills, a step drill was

designed. Table 9 illustrates the features that were tested in this study as selected for the

final step drill.
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Table 9: Step drill main features

Step drill
Type: Metric
Material: Uncoated solid carbide
Point angle 01 140
Small diameter D: 6.4 mm
Large diameter D: 7.0 mm
Step size ¢: 0.3 mm
Step profile Rounded step with 1.4 mm radius
Flutes: 2
Flute length: 23 mm
Helix angle: 25°
Make: Berks

4.1.4. Process Parameters

Process parameters were

selected to replicate commonly used machining

parameters. Table 10 describes the cutting parameters used during the experiments. All
drills used for drilling the first hole had identical geometry aside from the drill diameter.
Thus, the cutting parameters used for drilling the first hole were similar for all the drills.
As seen in Table 8, both drill #5 and drill #7 had two cutting flutes. However, drill #6
had three cutting flutes. In order to keep the chip load per flute the same for all the three
drills while drilling the second hole, the spindle speed was adjusted to be 4000 RPM

for only drill #6 instead of 6000 RPM like for drill #5 and drill #7.

Table 10—Process parameters of the drilling test

Parameters Drilling hole 1 (Da) Drilling hole 2 (D2)
Hole diameter, mm Varies 7
Hole Depth, mm 5 5
Spindle speed, RPM 6000 6000, 4000
Feed rate, mm/min 2298 2298
Feed rate per flute, mm/rev/flute 0.192 0.192
Coolant No coolant No coolant
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4.1.5. Testing Plan

A series of tests were performed to study the step size and step profile, as shown in

Table 11. Each test was performed using two different drills with three repetitions.

Changing the diameter of the first drill (D1) produced different step sizes. Since the

point angle of the second drill (61) is equal to the step angle (62), altering the point angle

also changed the step angle for the chamfer steps. Drill #7 with a 1.4 mm corner radius

was also tested to simulate the radial step profile with 1.4 mm R. Each test was repeated

three times, and a visual inspection of the exit burr was performed to detect drill caps.

Table 11 —Array of tests

Test # D1 D2 Point Factor A Factor B Speed  Feed D2 Feedrate/
(mm)  (mm) Angle Step Size Step Profile RPM  (mm/ Flutes flute
) ¢ (mm) min) # (mm/rev)
1 6.70 7 180 0.15 180 6000 2298 2 0.192
2 6.70 7 143 0.15 1.4 Radius 6000 2298 2 0.192
3 6.70 7 130 0.15 130 4000 2298 3 0.192
4 6.40 7 180 0.3 180 6000 2298 2 0.192
5 6.40 7 143 0.3 1.4 Radius 6000 2298 2 0.192
6 6.40 7 130 0.3 130 4000 2298 3 0.192
7 6.10 7 180 0.45 180 6000 2298 2 0.192
8 6.10 7 143 0.45 1.4 Radius 6000 2298 2 0.192
9 6.10 7 130 0.45 130 4000 2298 3 0.192
10 5.80 7 180 0.6 180 6000 2298 2 0.192
11 5.80 7 143 0.6 1.4 Radius 6000 2298 2 0.192
12 5.80 7 130 0.6 130 4000 2298 3 0.192
13(Benchmark) 7 180 6000 2298 2 0.192
14(Benchmark) 7 143 6000 2298 2 0.192
15(Benchmark) 7 130 6000 2298 2 0.192

4.1.6. Experimental Setup

All the experiments were done on a Matsura FX-5, a 3-axis vertical milling center

with a maximum spindle speed of 27000 RPM and a maximum spindle power of 10 hp.
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The CNC machine was run by a FANUC series 15i-M controlling unit. A Photron
FASTCAM SA-Z high-speed camera was used during the experiments to capture slow-
motion videos of the exit burr formation for all tests. The camera was positioned at an

angle to capture the exit burr formation inside the bore shaft, as shown in Figure 48.

Figure 48: Experimental setup for drilling tests in a vertical CNC machine
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4.2. Measurements

4.2.1.Burr size
Burr height measurements in this study were performed using an Alicona 3D optical
microscope, as described in the burr size measurement description in section 3.2.3.

Additionally, burr thickness was measured using 2D optical microscope (Keyence)

4.2.2.High-speed Camera:

The high-speed FASTCAM SA-Z camera can capture high-resolution digital
images at an ultra-high speed up to 2 million frames per second and a shutter speed as
short as 159 nanoseconds. A Model K1 CentriMax™ video microscope along with an
MX-2 objective were used, as shown in Figure 49. The camera was connected to A
Photron FASTCAM viewer software version .368 to control the camera as well as data
saving and motion analysis. For all tests, the slow-motion videos of the exit burr

formation were captured at a frame rate of 20,000 fps and a resolution of 1024*688 px.

Model K1 CentriMax™
=8 video microscope

Ll

Figure 49: High-speed camera
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4.3. Results

4.3.1.Burr Height and Drill Cap

The graph in Figure 50 illustrates the measured burr height and the number of
drilled caps observed out of three repetitions for each test. As seen in the chart, test # 5
showed the shortest burr height compared to all other tests and no drilled caps during
all three trials. Test #5 was performed using two drills: drill #2, with a 6.4 mm diameter,
and drill #7, which has a 1.4 mm corner radius. This combination made the step length

equal to 0.3 mm and the step profile radius 1.4 mm.
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Figure 50:Burr size comparison and No. of observed caps for all tests
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4.3.2. Influence of Step Size

Figure 51 shows the relationship between step size and burr height in addition to
the number of drilled caps observed out of three repetitions. A trend can be observed
from the chart that burr height increases in tandem with the step size when using a 180°
step angle. The results revealed a 67% increase in burr height from step size 0.15 mm
to 0.6 mm. The graph also showed no correlation between the number of drill caps

observed and the step size.
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Figure 51: Burr height and No. of observed drill caps at different step sizes for 180° step angle

Burr formation images were extracted from the captured slow-motion videos at
different step sizes when using a 180° step angle, as shown in Figure 52. It could be

clearly seen that the burr height grew significantly as the step size increased.
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Figure 52: Exit burr images for different step sizes using 180° step angle, (a) 0.15 mm, (b) 0.3 mm, (c)

0.45 mm, and (d) 0.6 mm

Similar to the 180° step angle, it was noticed that increasing the step size when
using a 130° step angle increases the burr height, as shown in Figure 53. Burr height
grew by 83% when the step size increased from 0.15 mm to 0.6 mm. Besides that, the
number of drill caps tended to change randomly with no relationship to the step size.
Figure 54 compares the exit burr images for different step sizes when using a 130° step
angle. The images show the same pattern of larger step sizes corresponding with taller

burr heights.
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Figure 53:Burr height and No. of observed drill caps at different step sizes for 130° step angle

Figure 54: Exit burr images for different step sizes using 130° step angle, (a) at 0.15 mm, (b) 0.3 mm,

(c) 0.45 mm, and (d) 0.6 mm

Unlike the linear correlation observed between burr height and step size in both

180° and 130° step angles, the R1.4 mm rounded step showed a nonlinear relation, as

observed in Figure 55. The chart shows a minimum burr height of 216 microns at a 0.3
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mm step size and a maximum burr height of 591 microns when a 0.45 mm step size
was used. The chart also confirms that no drill caps were noticed at any of the step sizes
tested during all the repetitions. Figure 56 compares the exit burr images at different
step sizes side by side. As seen, the images show an irregular change in burr height

when increasing the step size.
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Figure 55: Burr height and No. of observed drill cap at different step sizes for the 1.4 mm radius step

Figure 56: Exit burr images for different step sizes using 1.4 mm rounded step, (a) at 0.15 mm, (b) 0.3
mm, (c) 0.45 mm, and (d) 0.6 mm
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4.3.3. Influence of Step Profile:

The smaller step angle (130°) was found to produce relatively large burrs compared
to the greater step angle (180°) in all step sizes. Figure 57 illustrates that the maximum
burr height difference noticed was 13.5% at a step size of 0.6 mm. At step size 0.3 mm,
the 1.4 mm radial step showed a large difference of 216.1 microns versus 496.9 and
429.8 microns in burr height for the 130° and 180° step angle profiles consecutively.
Additionally, at step sizes 0.6 mm, the 1.4 mm radial drill produced a burr height of
342.3 microns compared to 723.4 microns for the 130° step angle and 638.9 microns
for the 180° step angle. On the other hand, in step sizes 0.15 mm and 0.45 mm, no

significant burr height differences between the three step profiles were observed.
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Figure 57: Burr height comparison with step size at different step profiles
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4.3.4. Performance of the Step Drill

Based on the preliminary results from the previous tests that showed that test #5
had the shortest exit burr height compared to other tests, a step drill was designed to
have a geometry similar to drill #2 and drill #7. The new step drill was tested, and

Figure 58 illustrates the exit burr formation sequence while using the step drill.

P —

Material yielding

A
>

(a)

Figure 58: High-speed images of the step drill (a) burr initiation, (b) material plastic deformation and
fracture, (c) burr and drilled cap, (d) step start cutting, (e) very small burr with no cap

The step drill successfully produced a very small exit burr with no observed cap
during all the trials. It can be observed in the high-speed images in Figure 59 that the
three tools used as a benchmark created larger burrs compared to the step drill. In order
to further investigate the performance of the step drill, the burr height data of the step
drill was plotted side by side with the values from the benchmark drills, as shown in
Figure 60. As can be seen, the step drill produced a burr height of 58.7 microns,
compared to 518.4 microns for drill #5, 493.5 microns for drill #7, and 900.8 microns

for drill #6.
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(c) (d)

Figure 59: High-speed images of the exit burr, (a) drill #5 "benchmark"*, (b) drill #7 *benchmark™,
drill #6 ""benchmark®, (d) step drill
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Figure 60: Burr height comparison between the step drill and the benchmark drills
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4.4. Discussion

4.4.1. Influence of Step Size

When drilling with a step drill and the step starts to exit the hole, exit burrs could
be described as a cantilever [48], as shown in Figure 61. The cantilever is supported
from the workpiece end where it has its maximum thickness (ho), and the thickness (h)

varies as it tapers a constant gradient towards the hole center direction.

Workpiece W Step drill

ho

AN
g
-
=
.
L
4
>

NN
-

Figure 61: Burr explained as a cantilever under equiload W according to[48].

As shown in Figure 61, when a uniform load W acts on this cantilever due to the

thrust force, the deflection at point A when x=L could be calculated using Eq 6.

Vy = Voo, = 6WL*/Ebhy? Eq6
Where,
W = load acts on the cantilever
L = length of the cantilever
E = Modulus of Elasticity

b = width
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ho = maximum thickness

As described in the Results section, a linear correlation between burr height and
step size was revealed for both the 180° and 130° step angles. The burr height increased
in tandem with the step size. For the 180° step angle, the increase in burr height could
be explained by increasing the step size, the length L in Eq 6 increases, resulting in a
higher (L/ho) ratio and higher deflection of the burr.

However, for the 130° step angle, increasing the step size will increases both L and
ho with the same ratio. Increasing the length L has more impact on the burr deflection
than increasing the thickness ho, according to Eq 6.

In the case of using a rounded corner step, as shown in Figure 62, the ratio L/ho
becomes smaller as the step proceeds to the hole exit, which causes lower deflection of

the burr and, eventually, a smaller burr height.

Workpiece

Rounded step

Burr !

RS

Figure 62: Burr explained as a cantilever in case of rounded step

However, minimizing the step size reduced the burr height, the burr thickness
produced after drilling the first hole (D1) plays an important role in controlling the
minimum step size. Step size needs to be larger than the burr thickness to completely
cut the burr created from the first hole, as illustrated in Figure 63.
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Figure 63: Burr thickness after the drilling the first hole

To determine the minimum step size, it was important to measure the burr thickness
after drilling the first hole in each test. Figure 64 shows the measured burr thickness
after drilling the first hole at different D1 diameters. As seen, the burr thickness ranged
between 175 microns to 204.9 microns for all the drill diameters. According to the burr
thickness values, the step size needs to be larger than approximately 205 microns to
completely remove the burr created after the first hole. This explains the reason why
the 1.4 mm radial step profile with 0.15 mm step size produced burr height larger than
0.3 mm step size by approximately 92%. At 0.15 mm step size, the step was cutting
inside the burr created from the first drill Dy, increasing the chances to plastically

deform the burr out in the feed direction instead of steady cutting.
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Figure 64: Burr thickness measurements after drilling the first hole at different D1 diameters

4.4.2. Influence of Step Profile

In order to understand the effect of the step profile on the thrust force and burr
height, an additional test was conducted using a table dynamometer to measure the
thrust force. In this experiment, test #4, #5, and #6 was repeated to measure the thrust
force for the 180° step profile, the 130° step profile, and the 1.4 mm radial step at a
constant step size 0.3 mm. Figure 65 illustrates the measured thrust forces for the three
step profiles. The force data was collected at the instant the step profile engages with
material at the exit of the hole. As can be seen, the 1.4 mm R step profile generated the
lowest thrust force with a mean value of 16.2 N compared to 27.19 N for the 180° step
profile and 29.23 N for the 130° step profile. Thrust force was reported to have a

relation with the burr height. The higher the thrust force, the larger the produced
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burr[18]-[20]. The lower thrust force achieved by the 1.4 mm radial drill might be the
reason for the lower burr height in comparison with the 180° step profile and the 130°

step profile.
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Figure 65: Thrust force measured at 0.3 mm step size for different step profiles

The lower thrust force generated by the 1.4 mm radial drill could be related to the
forces distribution on the step profile. During the drilling operation, two major forces
components are produced on the step edge, the cutting force Fcin the cutting direction,
and the feed force Fq perpendicular on the cutting edge [9], as illustrated in Figure 66.
The feed force could be analyzed into two components: F in a plan perpendicular on
the drill axis and in the drill radius direction, and Fr in the drill feed direction. If the
angle between the forces Fqand F is a, forces in the drill feed direction Fr can be
calculated using the formula Fr= Fq cosa. In the case of the chamfer step profile, the
angel a is constant along the chamfer edge, resulting in a constant force Fron the step

edge, as seen in Figure 66 (a). However, in the radial step profile, the forces Ffreduce
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towards the final hole diameter as a function of increasing the angle o till it becomes

almost zero at a= 90°.
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Figure 66: Cutting force components on (a) chamfer step, (b) radial step

4.4.3. Step Drill

Testing the step drill showed a significantly small burr height of 58.7 microns
compared to 216.1 microns from test #5, approximately 73% lower burr height. To
better understand the reasons behind the outperformance of the step drill, which
exceeded the expectations from test #5, thrust forces were measured for both test #5
and the step drill, as shown in Figure 67. The step drill showed approximately 33 %
lower thrust force with a mean value of 541.5 N compared to 807.7 N for test #5. To
better understand the reason for the lower thrust force of the step drill, the two drills
used in test #5 as well as the step drill were scanned using Alicona 3D optical
microscope to identify the main geometry differences. Edge radius (rg) at the front
cutting lips and the step profile were measured for both cases. As seen in Figure 68, the

step drill has a sharper edge radius compared to the tools used in test #5. On the front
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cutting lips, the edge radius for the step drill was 12.1 microns compared to 48.6
microns for drill #2, which was used to drill the first hole in test #5. Similarly, on the
step profile, the step drill has an edge radius of 7.8 microns compared to 41.4 microns
for drill #7. Increasing the drill edge radius was related to an increase in the thrust force

[49], resulting in a larger burr height
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Figure 67: Thrust force comparison between test #5 and the step drill
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Figure 68: Drill edge radius measurements comparison between test #5 and the step drill (a) on the
cutting lip, (b) on the step

4.5. Conclusions
A new approach for designing and testing application-based step drills was
investigated. The study mainly focused on optimizing the two major parameters in step

drill design, the step length (¢) and the step profile to minimize the drill exit burr height

and produce high-quality holes with no caps. The experimental work included using
two off-the-shelf drills to simulate the cutting action of a step drill. The first drill had
different diameters (D1) to simulate the change in step sizes. The second drill had the
same final diameter (D2) but with different point angles and corner shapes to mimic the
change in the step profile. An industrial partner provided automotive parts to use as a
workpiece and test the approach. The initial results revealed that a combination of a 0.3
mm step size and a rounded step with a 1.4 mm radius produced the minimum burr

height, about 56% less compared to the benchmark with no drilled cap observed. Based
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on the preliminary results, a step drill was designed to have the optimum step size and
geometry. The step drill was tested, and the results showed an excellent performance
and ability to reduce the burr height by 88% compared to the best benchmark drill with

no drilled cap.
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Chapter 5. Conclusions and Future work

5.1 Conclusions

5.1.1. Approach 1-Burr Control Using Pressurized Materials

The research conducted in this study focused on introducing a new technique for
exit burr control and drill cap elimination into the drilling of ductile materials. The
study examined the efficacy of injecting different materials underneath the hole exit at
high pressures. Aluminum 6061-T6 flats were used as workpieces. A summary of major
findings and conclusions drawn from this study is given below.

1. A special design was developed for injecting high-pressure coolant at the
hole exit. Injecting a semi-synthetic coolant with 8-10% concentration had
no effect on burr height compared to the benchmark.

2. The design was modified to deliver materials in the form of paste. The first
material tested was a commercial anti-seize that was injected at a pressure
of 7000 psi. The results showed an approximately 54% reduction in burr
height, and no drill cap was observed. Despite the significant improvement
in burr height, using anti-seize inside a CNC machine is not preferred
because it can affect the machine and cause failures.

3. A new injecting material was developed to have similar results to the anti-
seize and avoid its drawbacks. The material was an aluminum paste that had
a mixture of aluminum micro powder and liquid machining coolant
concentrate. Testing this material at a pressure of 7000 psi showed severe
leakage at different locations.
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4. A unique aluminum paste was developed especially for this study to avoid

leakage at high pressures. The material was a mixture of aluminum
microparticles and a high viscosity coolant concentrate. The mixture
showed an excellent ability to generate a supporting load under the high
injecting pressure without any leakage noticed.

. Aluminum pastes with different aluminum powder to coolant ratios were
tested to identify the minimum Al powder content needed to reduce the burr
height the most. The aluminum paste with 20% Al content showed no
difference in burr height compared to the benchmark. The aluminum paste
containing 40% aluminum powder showed a burr reduction of 57%
compared to the benchmark. By increasing the aluminum content in the
mixture by more than 40%, no further burr height reduction was noticed.

. Another set of experiments were conducted using aluminum paste with 40%
Al powder and 60% high viscosity coolant at different injecting pressures.
The minimum burr height achieved 202.6 microns at a pressure of 7000 psi.
The burr height increased with reducing the injecting pressure to be 239.3
microns at a pressure of 4000 psi. Reducing the pressure to 3000 psi led to
a significant increase in burr height to be 529.6.

. Thrust forces were measured for all the experiments. As a result of using
the same drill geometry and cutting conditions during all the tests, the force

values were similar for all the tests at about 431N.

85



M.A. Sc. Thesis — Ahmed Sweed; McMaster University — Mechanical Engineering

8. Forces under the hole exit were calculated using different pressure values,
and the minimum effective force was found to be 1061 N.

9. The ratios between injecting forces acting under the drilled hole and thrust
forces were also calculated. The minimum effective ratio to reduce the burr
height was found to be approximately two and a half times the thrust force
value.

To summarize, this study introduced a new effective technique for burr control. The
research included developing a new setup to perform experiments, testing different
injecting materials, developing a new injecting material, and studying the effect of

injecting pressure on burr height.

5.1.2. Approach 2-Burr Control Using Step Drills

This research presented a new approach for designing highly effective step drills
for a specific application. The study focused on two significant parameters in designing
step drills: the step size and the step profile. The new technique involved using two off-
the-shelf drills to drill one hole to simulate the cutting action of the step drill. The first
drill's diameter acts as the small front diameter of the step drill (D1). The second drill’s
diameter represents the final diameter of the step drill (D2). The point angle and lip
corner shape mimic the step profile. Various drills were tested to study different
combinations of step sizes and step angles. Additionally, one drill with rounded corners

was tested to analyze the performance of rounded step geometry. Finally, a step drill
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was designed and tested according to the preliminary results. Based on the results, the
following conclusions can be drawn.

1. Step size was found to have a significant impact on burr height. For both
step angles, 180° and 130°, increasing the step size led to a larger burr
height.

2. For the 1.4 mm rounded step, no apparent relationship was noticed between
changing the step size and the burr height.

3. An increase in burr height was observed by reducing the step angle from
180° to 130°.

4. The minimum burr height was found by using the rounded step with a 1.4
mm radius and a step size of 0.3 mm. This combination successfully reduced
the burr height by 56% compared to the benchmark with no cap observed.

5. The step drill was designed to have the optimum step size and shape found
in the preliminary results. The step drill was tested, and the results showed

a remarkable reduction in burr height of 88%.

To sum up, a new approach was developed for designing application-based step
drills. The study included testing off-the-shelf drills to simulate various step lengths
and step profiles on an automotive part. After testing, the optimum parameters were
selected to design a step drill. The step drill was tested and showed excellent

performance for controlling burr height and drilling cap.

87



M.A. Sc. Thesis — Ahmed Sweed; McMaster University — Mechanical Engineering

5.2 Future Work

5.2.1. Approach 1-Burr Control Using Pressurized Materials

According to the major findings and challenges associated with this study, some

recommendations for future work are provided as follows:

1.

To understand the mechanism behind burr minimization better, injecting
pressure changes over the course of the drilling operation need to be
measured. A pressure sensor with a high measurement range, more than
7000 psi should be used.

The phases of burr formation need to be studied by enabling the feed to stop
at different points during the burr formation, then cross sectioning the
samples to see a better view of the burr mechanism.

Applying a continuous injecting material at a steady high-pressure needs to
be studied as it could further reduce burr formation.

Developing other injecting materials that better support loads without
deforming could further reduce burr height.

A progressive tool wear study needs to be conducted to understand the effect

of using this technique on tool wear.
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5.2.2. Approach 2-Burr Control Using Step Drills

1. A progressive study of the tool wear using the step drill needs to be
conducted to understand the main wear mechanisms and the maximum tool
life.

2. The effect of the tool wear on the exit burr height needs to be studied
throughout the step drill’s life to understand the progression of the burr
height over time and identify the point when the tool should be changed
based on the maximum acceptable burr height in the process.

3. Study the impact of microstructure changes due to cutting conditions on
burr formation. Of particular note is the material that the second step drill

engages with after the first step of the drill has past.
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Appendix A: Burr formation images for approach 2

Drill #1

D, 6.7 mm
D, 7.0 mm
Step length | 0.15 mm
Step Profile | 180° Step
Figure 69: High-speed video images of the burr formation for test #1.
Drill #1 |

D, 6.7 mm
D, 7.0 mm
Step length | 0.15 mm
Step Profile | 1.4 mm R

Figure 70 High-speed video images of the burr formation for test #2
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| Drill #1

D, 6.7 mm

D, 7.0 mm

Step length | 0.15 mm

Step Profile | 130° Step

D, 6.4 mm

D, 7.0 mm

Step length | 0.3 mm

Step Profile | 180° Step

Figure 72: High-speed video images of the burr formation for test #4
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Drill #2

D,

6.4 mm

D,

7.0mm

Step length

0.3 mm

Step Profile

1.4mmR

Figure 73: High-speed video images of the burr formation for test #5

Drill #2

D,

6.4 mm

D,

7.0mm

Step length

0.3 mm

Step Profile

130° Step

Figure 74: High-speed video images of the burr formation for test #6
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Drill #3

D, 6.1 mm
D, 7.0 mm
Step length | 0.45 mm
Step Profile | 180° Step

D, 6.1 mm
D, 7.0 mm
Step length | 0.45 mm
Step Profile | 1.4 mm R

Figure 76: High-speed video images of the burr formation for test #8
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D, 6.1 mm
D, 7.0 mm
Step length | 0.45 mm
Step Profile | 130° Step

D, 5.8 mm
D, 7.0 mm

Step length | 0.6 mm
Step Profile | 180° Step

Figure 78: High-speed video images of the burr formation for test #10
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Drill #4

Figure 79: High-speed video images of the burr formation for test #11

Drill #4

Figure 80: High-speed video images of the burr formation for test #12

5.8 mm

7.0mm

Step length

Step Profile

0.6 mm
1.4mmR

Dy

5.8 mm

Dy

7.0 mm

Step length

0.6 mm

Step Profile

130° Step
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Drill #5
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Figure 81: High-speed video images of the burr formation for test #13 (Drill #5- Benchmark)

Drill #7
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Figure 82: High-speed video images of the burr formation for test #14 (Drill #7-Benchmark)
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Drill #6

Figure 83: High-speed video images of the burr formation for test #15 (Drill #6-Benchmark)

Step drill

Figure 84: High-speed video images of the burr formation for the step drill
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